Heterochromatin is a silenced chromatin region essential for maintaining genomic stability and driving developmental processes. The complicated structure and dynamics of heterochromatin have rendered it difficult to characterize. In budding yeast, heterochromatin assembly requires the SIR proteins-Sir3, believed to be the primary structural component of SIR heterochromatin, and the Sir2-4 complex, responsible for the targeted recruitment of SIR proteins and the deacetylation of lysine 16 of histone H4. Previously, we found that Sir3 binds but does not compact nucleosomal arrays. Here we reconstitute chromatin fibers with the complete complement of SIR proteins and use sedimentation velocity, molecular modeling, and atomic force microscopy to characterize the stoichiometry and conformation of SIR chromatin fibers. In contrast to fibers with Sir3 alone, our results demonstrate that SIR arrays are highly compact. Strikingly, the condensed structure of SIR heterochromatin fibers requires both the integrity of H4K16 and an interaction between Sir3 and Sir4. We propose a model in which a dimer of Sir3 bridges and stabilizes two adjacent nucleosomes, while a Sir2-4 heterotetramer interacts with Sir3 associated with a nucleosomal trimer, driving fiber compaction.
Heterochromatin is a silenced chromatin region essential for maintaining genomic stability and driving developmental processes. The complicated structure and dynamics of heterochromatin have rendered it difficult to characterize. In budding yeast, heterochromatin assembly requires the SIR proteins-Sir3, believed to be the primary structural component of SIR heterochromatin, and the Sir2-4 complex, responsible for the targeted recruitment of SIR proteins and the deacetylation of lysine 16 of histone H4. Previously, we found that Sir3 binds but does not compact nucleosomal arrays. Here we reconstitute chromatin fibers with the complete complement of SIR proteins and use sedimentation velocity, molecular modeling, and atomic force microscopy to characterize the stoichiometry and conformation of SIR chromatin fibers. In contrast to fibers with Sir3 alone, our results demonstrate that SIR arrays are highly compact. Strikingly, the condensed structure of SIR heterochromatin fibers requires both the integrity of H4K16 and an interaction between Sir3 and Sir4. We propose a model in which a dimer of Sir3 bridges and stabilizes two adjacent nucleosomes, while a Sir2-4 heterotetramer interacts with Sir3 associated with a nucleosomal trimer, driving fiber compaction.
chromatin | heterochromatin | sedimentation | Sir E ukaryotic cells regulate the accessibility of their genome to enzymatic processes by organizing it into two functionally distinct compartments, known as euchromatin and heterochromatin. Euchromatin consists of actively transcribed gene regions, whereas heterochromatin is refractory to external processes such as transcription and recombination (1) . Heterochromatin organizes and protects centromeres and telomeres, guards against the spreading of transposons, and prevents aberrant homologous recombination within repetitive regions that can lead to chromosomal abnormalities (2) (3) (4) . Additionally, heterochromatin formation is an essential developmental process that drives the differentiation and maintenance of cell types (2, 3, 5) . Although heterochromatin carries a distinct subset of histone modifications and protein complexes, the mechanism by which heterochromatin maintains its silent state is poorly understood.
The most thoroughly characterized heterochromatin state exists in the budding yeast Saccharomyces cerevisiae, which requires the SIR proteins-Sir2, Sir3, and Sir4-for silencing (6, 7) . The formation of SIR heterochromatin is believed to be a stepwise process in which a Sir2-4 complex is initially recruited to silencing regions via interactions between the Sir4 protein and DNA-binding factors such as Rap1, Orc1, and Abf1 (8) (9) (10) (11) (12) (13) . Sir2, an NAD + -dependent histone deacetylase, then deacetylates the H4 tail of an adjacent nucleosome at lysine 16 (H4K16), which promotes binding of the Sir3 protein to the nucleosome, in turn recruiting additional Sir2-4 complex (10, (14) (15) (16) . As this cycle of deacetylation and binding continues, the SIR proteins spread away from the nucleation site, creating a silent, heterochromatin domain (17) .
The importance of H4K16 to SIR heterochromatin was initially discovered when its mutation to glutamine (H4K16Q) was found to disrupt the repression of the silent mating loci, and compensatory mutations in the Sir3 protein were identified (18) . The physical interaction between Sir3 and H4K16 has been explored at length both in vivo and in vitro (14, (19) (20) (21) , with several crystal structures of a Sir3-nucleosome complex displaying an electronegative patch of Sir3 that forms a binding pocket for H4K16 (22) (23) (24) . These data are consistent with previous biochemical data showing that high-affinity binding of Sir3 to histone peptides (25) , mononucleosomes, and short nucleosomal arrays (26) is disrupted by H4K16 acetylation or glutamine substitution (9, 27) . Surprisingly, a purified Sir2-3-4 complex binds with nearly equal affinity to acetylated nucleosomes or nucleosomes harboring H4K16Q (25, 27, 28) . Furthermore, although all three SIR proteins can bind to H4K16Ac chromatin templates, the resulting Sir chromatin fibers do not block transcription unless H4K16 is deacetylated (25, 28) . This suggests that although an interaction between modified H4K16 and SIR proteins is possible, the presence of H4K16Ac prevents the formation of a functional, repressive heterochromatin structure.
We previously assembled recombinant nucleosomal arrays with purified Sir3, and characterized their solution dynamics by sedimentation velocity analytical ultracentrifugation (SV-AUC) and structure by atomic force microscopy (AFM). We found that the Sir3 chromatin fibers remained quite extended compared with 30-nm fibers that were condensed with divalent cations, suggesting that SIR heterochromatin may not have a compact structure. Here, we characterize heterochromatin fibers reconstituted with all three SIR proteins by both SV-AUC and AFM. Notably, we have also adapted a grid-based modeling method, called 2D spectrum analysis (2DSA) (29) , coupled with a genetic algorithm (GA) and Monte Carlo analysis (MC) (30, 31) , to fit sedimentation and diffusion parameters to the SV-AUC data. These modeling methods have allowed determination of both Significance Eukaryotic chromosomes are organized into specialized, nucleoprotein domains that can regulate nuclear functions. Heterochromatin is a silenced chromatin region essential for maintaining genomic stability and driving developmental processes. Cell biological studies have indicated that heterochromatin is highly condensed, though the complicated structure and dynamics of heterochromatin have rendered it difficult to characterize. Here we reconstitute heterochromatin fibers with purified components and exploit a powerful combination of sedimentation velocity, molecular modeling, and atomic force microscopy to characterize the stoichiometry and condensed conformation of heterochromatin fibers.
the native molecular mass and shape parameters of SIR nucleosomal arrays, yielding estimates for Sir protein stoichiometries. Most importantly, the combination of results from SV-AUC and AFM provides strong evidence that the full complement of SIR proteins forms a nearly uniform, condensed chromatin fiber that requires the integrity of H4K16.
Results
Sir2-4 Binds to Both WT and H4K16Q Arrays. Previously, we established optimal ionic conditions (∼40 mM Na + ) for the formation of Sir3 chromatin fibers that are highly sensitive to H4K16Q (21) . Similar binding conditions yield Sir3 fibers that decrease nuclease accessibility of arrays and block early steps of recombinational DNA repair (20) . To examine the binding of Sir2-4 to nucleosomal arrays under these same conditions, we assembled recombinant WT or H4K16Q nucleosomal arrays by salt dialysis using a DNA template containing 12 head-to-tail repeats of a 601-nucleosome positioning sequence (601-177-12). Binding of purified Sir2-4 complex was first analyzed by an electrophoretic mobility-shift assay (EMSA), in which increasing amounts of Sir2-4 complex were added to nucleosomal arrays and binding was monitored by the decrease in mobility on an agarose gel (Fig. 1A) . Consistent with similar studies (27) , Sir2-4 bound to WT and H4K16Q arrays at similar concentrations, with an apparent slight preference for H4K16Q (Fig. 1A) . Next, Sir2-4 was titrated onto these nucleosomal arrays and interactions were monitored by sedimentation velocity analysis in an analytical ultracentrifuge. Sir2-4 bound maximally to arrays at a ratio of 1-2 Sir2-4 complexes per nucleosome ( Fig. 1 A and B) . Beyond a molar ratio of two Sir2-4 molecules per nucleosome, arrays became insoluble and were not used in sedimentation experiments. Notably, Sir2-4 appears to interact equally well with both WT and H4K16Q arrays, sedimenting at 33 to 38 S upon addition of two molecules of Sir2-4 per nucleosome. This contrasts with the sedimentation properties of Sir3 nucleosomal arrays that only assemble effectively with WT histones and sediment at 45 to 50 S (21) (see also Figs. 2A and 3A ).
SIR Interactions with WT and H4K16Q Arrays Yield Fibers with Distinct
Solution Dynamics. To investigate the binding properties of arrays reconstituted with all three SIR proteins, increasing amounts of Sir3 were added to reactions that contained nucleosomal arrays and Sir2-4, and binding was first evaluated by EMSA ( Fig. 2A) . In isolation, Sir3 bound with much greater affinity to WT than H4K16Q arrays, as seen previously. However, titrating Sir3 in the presence of Sir2-4 led to the formation of a complex with similar mobility for both WT and H4K16Q arrays. Notably, this complex remained at constant mobility despite further additions of Sir3, suggesting that the ionic conditions that have been used to form a discrete Sir3 fiber also promote formation of a discrete, perhaps uniform, SIR heterochromatin fiber. This is in stark contrast to previous studies in different buffer conditions whereby addition of increasing concentrations of SIR proteins led to continual decreases in the mobility of EMSA species, suggestive of nonspecific DNA binding or aggregation (26, 27) .
SIR heterochromatin fibers were next examined by SV-AUC ( Fig. 2 B and C) . As in Fig. 1 , the addition of Sir2-4 onto WT and H4K16Q arrays led only to small changes in the sedimentation coefficient distribution. In contrast, addition of Sir3 to WT arrays led to a more substantial change in S (∼35 to 45 S), and addition of Sir3 did not shift H4K16Q arrays at all, consistent with binding to wild-type but not H4K16Q nucleosomes. Strikingly, addition of all three SIR proteins to WT arrays led to a large increase in the sedimentation coefficient distribution (∼50 S), whereas binding of all three SIR proteins to H4K16Q arrays led to a modest shift to ∼42 S. This result contrasts with the similar mobility of these fibers in the EMSA, and suggests that the binding of Sir proteins to WT and H4K16Q arrays may yield similar stoichiometries but distinct conformations in solution.
The sedimentation behavior of a macromolecule in an SV-AUC experiment is proportional to both its buoyant molecular mass and its frictional properties governed by its overall shape (29, 30, 32) . Consequently, the observed SIR-induced changes in the S distribution of nucleosomal arrays in Fig. 2 could be due to an increased molecular mass, an altered conformation of the nucleosomal fiber, or a combination of both. To separate these parameters, we applied a set of modeling methods, 2DSA/GA-MC, which fit the sedimentation coefficient, partial concentration, molecular mass, and frictional ratio (f/f 0 ) for solutes present in the experimental sample (21, 31, (33) (34) (35) . Notably, an accurate determination of molecular mass by 2DSA/GA-MC analysis is dependent not only on the experimentally determined S and f/f 0 values but also on the partial specific volume ( v). v is the solvated volume of a macromolecule, defined in milliliters per gram, and is essential for describing the hydrodynamic behavior of molecules in solution (35) (36) (37) . Consequently, we experimentally determined v for each sample using a density contrast method we previously utilized in which samples are sedimented in three solvents containing either 0, 30, or 60% H 2 18 O (21). The resulting sedimentation coefficients were plotted as a function of solvent density, and the v was calculated from the resulting plot (SI Appendix, Fig. S1 ).
The 2DSA/GA-MC analysis found that the molecular masses of both WT and H4K16Q arrays were ∼2.5 MDa, indicating the presence of ∼11 nucleosomes on the 12-mer templates (Fig. 2D  and SI Appendix, Fig. S2 ). The addition of Sir3 to WT arrays led to an increase in molecular mass to 4.9 MDa, consistent with the binding of 22 molecules of Sir3 (113 kDa each), or a stoichiometry of two Sir3 molecules per nucleosome. In accordance with low levels of binding, the increase in molecular mass of H4K16Q arrays upon Sir3 addition indicated the presence of only ∼9 molecules of Sir3. In contrast, the addition of Sir2-4 complex to H4K16Q arrays led to an increase in molecular mass consistent with 22 complexes (of 215 MDa each) bound per array, whereas the increase in molecular mass on WT arrays reflected only four complexes bound per array. This difference may indicate Sir2-4 binding is more stable to H4K16Q nucleosomes, which mimic Sir2-4's natural substrate, H4K16-acetyl, but which cannot be deacetylated by Sir2. This is consistent with a previous study which found Sir2-4 binds with greater affinity to acetylated nucleosomes in the absence of NAD + (27) . When the Sir2-4 complex was added with Sir3, the molecular mass of WT arrays increased to 7.3 MDa, which is consistent with the binding of 22 molecules of Sir3 and 11 molecules of Sir2-4 or a stoichiometry of two Sir3 molecules and one Sir2-4 per nucleosome. Interestingly, the addition of all three SIR proteins to H4K16Q arrays yielded a similar molecular mass (∼7.2 MDa), suggesting that the stoichiometry of SIR proteins is not sensitive to the integrity of H4K16.
Despite a nearly identical increase in molecular mass on addition of SIR proteins, WT arrays sedimented more rapidly than H4K16Q arrays. This suggests that WT arrays adopt a more compacted structure than H4K16Q arrays. This view is reflected in the frictional ratio, as the addition of Sir3 to wild-type arrays increased f/f 0 from 2.0 to 2.6, and the further addition of Sir2-4 increased f/f 0 to 2.9 ( Fig. 2D and SI Appendix, Fig. S2 ). This suggests a more globular, asymmetric shape of the SIR chromatin fibers compared with nucleosomal arrays or arrays that contain only Sir3. In contrast, the addition of all three SIR proteins to H4K16Q arrays led to an increase of f/f 0 from 2.1 to 4.0, indicative of a highly asymmetric, extended conformation. This interpretation is reinforced by the experimentally determined values for the partial specific volumes of these fibers, as the wild-type SIR fiber adopted a higher, protein-like value of 0.776 mL/g, whereas the v of the SIR H4K16Q fiber remained a low, nucleic acid-like value of 0.679 mL/g, which could reflect the presence of exposed linker DNA in the structure (Fig. 2D and SI  Appendix, Fig. S1 ).
The Compaction State of SIR Chromatin Requires a Sir3-Sir4
Interaction. Sir4 contains a C-terminal coiled-coil domain that is required for both Sir4 dimerization and interaction with Sir3. Point mutations in this Sir4 domain have been identified (e.g., Sir4I1311N) that eliminate in vitro interactions between Sir4 and Sir3, and sir4I1311N disrupts recruitment of Sir3 to silencers in vivo (28, 36, 37) . To address the contribution of this Sir4-Sir3 interaction to chromatin fiber assembly and dynamics, the Sir2-4 complex was purified from a yeast strain harboring the sir4I1311N allele, and the interactions of this complex with Sir3 and nucleosomal arrays were first analyzed by EMSA (Fig. 3A) . On WT chromatin, the Sir2-Sir4I1311N complex appeared to bind well with Sir3 to form a chromatin fiber with a discrete mobility. However, binding of Sir3 and Sir2-Sir4I1311N was less effective on the H4K16Q arrays, and the complexes were more diffuse than complexes formed with wild-type Sir2-4, and perhaps less stable.
To address the possibility that loss of the Sir3-Sir4 interaction alters the solution dynamics of SIR chromatin fibers, WT and H4K16Q fibers bearing Sir4I1311N were analyzed by SV-AUC and 2DSA/GA-MC modeling (Fig. 3 B-D and SI Appendix, Figs. S3 and S4). Two results are apparent from the data. First, the Sir4I1311N substitution appeared to disrupt the stable binding of Sir3 to the H4K16Q arrays, with no additional increase in molecular mass detected upon Sir3 addition to H4K16Q arrays with Sir2-4 by 2DSA/GA-MC modeling (Fig. 3D and SI Appendix,  Fig. S4 ). Second, on WT arrays the Sir3-Sir2-Sir4I1311N fibers had a molecular mass similar to that of a wild-type SIR chromatin fiber (∼8 MDa), suggesting a normal subunit stoichiometry. This result was surprising, as the Sir3-Sir2-Sir4I1311N fibers showed a similar sedimentation profile to fibers assembled with only Sir3 (Fig. 3B) . These results are explained by the fact that the f/f 0 ratio was increased dramatically by the Sir4I1311N substitution, from 2.9 to 3.8. Similarly, the v value decreased from 0.715 for Sir3 arrays to 0.679 for Sir3-Sir2-Sir4I1311N arrays ( Fig. 3D and SI Appendix, Fig. S3) but that the interaction between Sir3 and Sir4 is essential for organizing fibers into compact structures.
SIR Proteins Compact WT but Not H4K16Q Arrays. To directly observe the structural differences between SIR chromatin fibers, we visualized fibers by AFM. Given the large size of the SIR complex, we used nucleosomal array substrates reconstituted on DNA templates harboring 36 tandem copies of the 601-nucleosome positioning sequence, rather than the 12 copies used previously (Fig. 4) . As an initial calibration of chromatin folding, WT arrays were initially imaged in low-salt buffer in the absence and presence of 1 mM MgCl 2 , which induces folding of extended fibers (−Mg 2+ ) into condensed 30-nm fibers (+Mg 2+ ) (38) (39) (40) , with a proportional increase in height from 1.88 ± 0.31 to 5.43 ± 2.28 nm (Fig. 4A and SI Appendix, Table S1 ). In buffer containing moderate salt (Fig. 4B) , both WT and H4K16Q arrays adopted a zigzag structure consistent with an intermediate folded state with a height of ∼1.9 nm (21, 41). The addition of Sir3 (Fig.  4 C and B) increased the height of WT arrays to 4.06 ± 1.67 nm, whereas addition of Sir3 to H4K16Q arrays increased the height only slightly to 2.29 ± 0.71 nm, corresponding to robust binding to WT but not H4K16Q arrays. Consistent with our previous study (21) , Sir3 binding appeared to occlude linker DNA (as evidenced by the loss of a beads-on-a-string structure), but Sir3 fibers remained significantly decondensed compared with the 30-nm fibers shown in Fig. 4A . In contrast, addition of the full complement of SIR proteins to wild-type arrays led to formation of a more compacted structure, with the height increasing to 5.28 ± 2.61 nm (Fig. 4E and SI Appendix, Table S1 ). Notably, this structure is more compact than fibers formed with just the Sir2-4 complex (Fig. 4D) . Although the height of the SIR chromatin fibers is similar to that of nucleosomal arrays compacted with Mg 2+ (5.28 vs. 5.43 nm), a direct comparison of these two fibers is not suitable, given the large addition of protein mass to the SIR fibers. Interestingly, addition of all three SIR proteins to H4K16Q arrays increased the height to only 4.00 ± 1.50 nm, and these SIR fibers were clearly more extended and individual nucleosomes could still be identified, suggesting that while SIR proteins bound at similar levels to H4K16Q nucleosomes, they were unable to occlude linker DNA and form a compact structure.
Discussion
Heterochromatin fibers are believed to be highly compact structures that block DNA accessibility to DNA-binding transcription factors and components of the recombinational repair machinery (2, 3, 17) . The in vitro assembly of budding yeast SIR chromatin fibers yields these expected functional propertiessuch fibers hinder access of nucleases, repress in vitro transcription by RNA polymerase II, and block early steps of in vitro recombinational repair (20, 25, 28) . What has been limiting, however, is evidence that SIR chromatin fibers form condensed structures consistent with these repressive properties. Early studies from the Hansen and Woodcock groups suggested that the binding of Sir3 to nucleosomal arrays was sufficient to form highly compacted chromatin fibers, visualized by electron microscopy (EM) (42, 43) . However, these studies were performed in buffers that lacked monovalent cations and, in these conditions, Sir3 bound equally well to free DNA, WT chromatin, and H4K16Q nucleosomal arrays (21, 42) . Furthermore, binding of Sir3 to nucleosomal arrays in these conditions did not show saturation kinetics, suggesting that the "compact" structures may represent large aggregates. In contrast, work from the Moazed laboratory found that addition of the complete complement of Sir proteins to yeast nucleosomal arrays led to formation of long, highly extended (∼10-nm-diameter) chromatin filaments whose formation required NAD + -dependent histone deacetylation (19) . In this case, however, fiber formation was performed in quite high monovalent-salt conditions (500 mM NaCl). And, finally, additional EM studies from the Moazed laboratory, performed in more moderate monovalent-salt conditions (e.g., 50 mM KCl) and with arrays assembled by an ATP-dependent assembly system, showed that SIR proteins can lead to formation of heterogeneous clumps of nucleosomes within arrays, exposing large regions of free DNA (28) .
Here we have undertaken a solution analysis of the conformational dynamics of SIR chromatin fibers in buffers containing moderate levels of monovalent cations (e.g., 40 mM Na + ). Using a combination of SV-AUC and molecular modeling, our results demonstrate formation of nearly homogeneous SIR chromatin fibers that are compact, not extended. The homogeneous nature of the reconstituted SIR chromatin fibers is illustrated by three experimental results: (i) Agarose gel electrophoresis shows a discrete protein complex that shows saturation binding properties; (ii) van Holde-Weischet (vHW) plots of sedimentation velocity data indicate a fairly uniform boundary of sedimenting species for SIR-nucleosomal array reconstitutions; and (iii) 2DSA/GA-MC analysis indicates primarily one major solute sedimenting in the SIR reconstitutions (SI Appendix, Fig. S2 ). The compact nature of SIR fibers is supported by the observation that such fibers exhibited a larger frictional ratio in solution, compared with either WT-or Sir3-containing arrays, consistent with a compact and asymmetric structure. Likewise, the WT SIR fiber adopted a higher, protein-like value for the partial specific volume, whereas the v of the SIR-H4K16Q fiber remained a low, nucleic acid-like value, consistent with the ability of SIR proteins to form compact fibers only when H4K16 is intact. Furthermore, we found that this compact structure requires not only the integrity of H4K16 but also a physical interaction between Sir3 and Sir4.
Multiple Roles for Sir3-Sir4 Interactions. Previous studies have shown that the Sir4I1311N substitution eliminates interactions between Sir3 and Sir4 in vitro and disrupts the recruitment of Sir3 to silencing domains in vivo (28, 36, 37) . Furthermore, we found that Sir4I1311N disrupts the binding of Sir3 to H4K16Q nucleosomal arrays that harbor Sir2-4, consistent with a previous study showing a similar impact on Sir3 binding to arrays containing H4K16A (28) . These results are all consistent with a recruitment role for the Sir3-Sir4 interaction surface (9, 37) , and suggest that the presence of Sir3 on Sir2-4-bound chromatin lacking H4K16 is due to Sir3 binding to Sir4 and not to the H4 tail. Surprisingly, we found that the Sir4I1311N substitution eliminated the formation of compact SIR chromatin fibers, even though it had no apparent impact on the stoichiometry of SIR proteins on WT arrays. This suggests that interactions between Sir4 and Sir3 are key for the proper organization of SIR proteins on nucleosomal arrays, ensuring that Sir subunits are oriented in a manner that leads to a functional, condensed structure.
The Shared Role of Sir3 and Sir2-4 in Heterochromatin Formation and Function. In vivo, overexpression of Sir3 can create extended, transcriptionally silent chromatin domains that are severely depleted of Sir2 and Sir4 (10, 44) . Likewise, Sir3 addition to nucleosomal arrays is sufficient to inhibit early steps of recombinational repair, though this inhibition is strengthened by further addition of Sir2 and Sir4 (20) . These data are consistent with the view that Sir3 is sufficient to create a partial, perhaps weaker form of heterochromatin fiber. How might the Sir2-4 complex reinforce the silencing properties of SIR heterochromatin and fold the chromatin fiber into an inaccessible, condensed structure? By adapting the 2DSA/GA-MC modeling algorithms, we have taken full advantage of analytical ultracentrifugation to describe both the native molecular mass and conformation of SIR chromatin fibers. Importantly, these studies provide experimental estimates of the stoichiometry of Sir proteins within condensed fibers, providing an opportunity for model development. Consistent with previous studies, our analyses support a model in which two copies of Sir3 bind to each nucleosome, with dimerization between Sir3 monomers forming an antiparallel bridge between adjacent nucleosomes (21, 45) . Furthermore, the 2DSA/GA-MC analysis estimates a native molecular mass of SIR chromatin fibers consistent with one copy of Sir2-4 binding to each nucleosome.
Dimerization of Sir4 is essential for heterochromatin function in vivo (46) , and Sir4 interacts with Sir3 (which also dimerizes)-why might Sir3 and Sir2-4 have different nucleosomal binding stoichiometries? We propose a model whereby a heterotetramer of Sir2-4 bridges the adjacent DNA linkers of a nucleosomal trimer by interacting with Sir3 (Fig. 5) . This model suggests a stoichiometry of two Sir2-4 molecules per three nucleosomes, or 10 molecules of Sir2-4 per 11-mer array (Fig. 5) . Importantly, this model is consistent with key roles for both Sir4 dimerization and Sir4-Sir3 interactions. This model is consistent with previous SIR stoichiometry estimates from Gasser and coworkers (26) , who proposed a ratio of two SIR complexes per three nucleosomes. Furthermore, our model is nearly identical to a previously proposed model for a SIR chromatin fiber (47, 48) . The resulting SIR chromatin fiber would be characterized by Sir3-dependent stabilization of nucleosomes, occlusion of DNA linkers, and Sir2-4-dependent compaction of nucleosomal arrays-all features predicted for repressive, heterochromatic structures.
Materials and Methods
FLAG-tagged Sir3 protein and tandem affinity purification (TAP)-tagged Sir2-4 complex were individually overexpressed and affinity-purified from yeast, as previously described (20) . DNA templates, nucleosome reconstitution, EMSA, SV-AUC, and AFM were performed as previously described (21) . Details are provided in SI Appendix, Materials and Methods. 
